During pregnancy, the mouse pubic symphysis undergoes expansion and remodeling resulting in formation of a flexible and elastic interpubic ligament allowing passage of a term fetus. In the current study, we sought to identify and characterize components of the extracellular matrix that likely play an important role in elongation and flexibility of the interpubic ligament during parturition. Mouse pubic symphyses and interpubic ligaments collected at time points during pregnancy and postpartum were utilized to evaluate collagen type, collagen content, processing and solubility, matricellular protein, and proteoglycan expression and quantitative assessment of all glycosaminoglycans. These studies revealed increased gene expression for hyaluronan synthase 1, hyaluronan synthase 2, and versican on Gestation Day 18 as well as a decline in protein expression for the versican-degrading protease a disintegrin-like and metalloprotease with thrombospondin type 1 (ADAMTS1) motif. These findings suggest that the primary mediators of increased elongation and flexibility of the interpubic ligament at term result from increased synthesis and reduced metabolism of viscoelasticity-promoting molecules such as high molecular weight hyaluronan and versican.
INTRODUCTION
During pregnancy, the pubic symphysis (PS) undergoes finely tuned hormonally regulated remodeling to allow the pubic bones to separate and accommodate safe passage of the fetus through the birth canal. The remodeling of the cartilaginous PS is a stepwise process involving reabsorption of bone and conversion of cartilage to a flexible interpubic ligament (IpL). Formation of the IpL occurs in numerous species including mouse and guinea pig [1] [2] [3] . While it has not been well studied in the human, there is evidence that PS remodeling occurs during pregnancy [4] [5] [6] . In mice, this process begins on the 10th day of a 19-day pregnancy. This modification involves gradual expansion of the dense connective tissue as well as dedifferentiation of chondrocytes to form fibroblasts. These fibroblasts proliferate to produce a symphyseal structure that resembles a true ligament [7] . By Gestation Day (d) 14, the ligament is fully formed. The interpubic ligament fibroblasts secrete numerous extracellular matrix (ECM) components and are proposed to acquire a myofibroblast phenotype at the end of pregnancy, as determined by ultrastructural and immunohistochemistry analyses [8] . Following labor, the ligament undergoes rapid involution, and within 3-5 days postpartum (pp), the PS is remodeled to its original size, with similar morphology [9] .
The transformation of the pubic symphysis to an IpL during pregnancy is regulated in part by the peptide hormone relaxin as well as by estrogen. Relaxin is a pleiotropic hormone with diverse functions in both reproductive and nonreproductive tissues, such as promoting matrix remodeling, cell proliferation, inhibition of tissue fibrosis, and apoptosis. Its importance in progressive growth and remodeling of the cervix, vagina, and PS was first demonstrated by Sherwood and colleagues [10, 11] ) provides direct evidence of the role of relaxin in tissue remodeling. The pubic symphysis of an Rln À/À pregnant female fails to elongate [12, 13] . In addition, both models display defects in the cervix, vagina, and mammary gland, resulting in prolonged or failed parturition and impaired nipple development [12, 14, 15] .
The progressive modifications that occur in the mouse pubic joint during pregnancy are proposed to result from the cell-type switch of chondrocytes to fibroblasts and the resulting alterations in the composition and histoarchitecture of the ECM. Ultrastructural and immunohistochemical studies suggest that rearrangement of collagen and elastic fibers and changes in proteoglycan and hyaluronan (HA) composition at term are important in PS remodeling [16] [17] [18] [19] [20] [21] . In addition, proteolytic enzymes such as matrix metalloprotease 2 and cathepsin K and B and tissue inhibitors of metalloproteases (TIMP1 and TIMP2) are proposed to contribute to symphysis relaxation [9, 16, [21] [22] [23] . There are multiple routes of regulation by which the tensile strength and flexibility of a tissue can be modified. These routes include 1) alterations in processing, assembly, and breakdown of collagen fibrils; 2) the presence or absence of specific matricellular proteins and proteoglycans, which regulate collagen fibril size, deposition in the matrix, and structure; and 3) the type, length, and degree of sulfation of the glycosaminoglycans (GAG) chain on proteoglycans.
While regulated changes in ECM components are proposed to contribute to PS remodeling, there are few quantitative data to support temporal changes in sulfated and nonsulfated glycosaminoglycans, proteoglycans, or matricellular proteins, all of which can greatly influence the properties of the main structural protein fibrillar collagen. In addition, direct assessment of the types of fibrillar collagen and changes in collagen processing, structure, and content throughout pregnancy and postpartum have not been well defined and are critical to understand mechanisms of PS remodeling. To address these gaps in our understanding of PS remodeling, we measured temporal changes in collagen type, solubility, and abundance, quantified all GAGs in the PS, and defined key ECM components that contribute to IpL elongation at parturition.
MATERIALS AND METHODS

Mice
Animals were housed in a 12L:12D photoperiod (lights-on, 06:00-18:00 h) at 228C. Mice were of mixed strains (C57B6/129Sv) or NIH Swiss mice. The C57B6/129Sv mice were generated and maintained as a breeder colony at the University of Texas Southwestern Medical Center (Dallas, TX), while the NIH Swiss mice were purchased from Harlan Laboratories (Indianapolis, IN). Mice in these studies were 3 to 6 mo old and nulliparous. Female mice were housed with males from 08:00 h to 16:00 h and then checked at 16:00 h for vaginal plugs. The day of plug formation was counted as d0, and birth occurred in the early morning of d19. Most samples were collected at mid-day unless otherwise specified. Samples indicated as late d18.75 were collected in the evening of d18, generally between 17:00 and 19:00 h. Postpartum samples were collected after birth at the indicated times. All studies were conducted in accordance with the standards of humane animal care as described in the U.S. National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. The research protocols were approved by the institutional animal care and research advisory committee. Pubic symphyses were collected from nonpregnant (NP) mice at time points during pregnancy (d10-d19 in labor), and after delivery at 2-4, 24, 48, and 72 h pp. Upon dissection, the medial portions of the PS bones or ligaments were removed for subsequent experimentation.
Collagen Content and Solubility
Pubic symphysis samples from NP and pregnant mice were weighed and lyophilized to enable measurement of their dry weight and water content. Dried samples were rehydrated for 1 h with 1 M NaCl buffer containing 1% proteinase inhibitor (Sigma, St. Louis, MO). Samples were homogenized using the Polytron homogenizer (Kinematica, Switzerland) and extracted at 48C for 24 h with shaking. The samples were centrifuged at 48C for 10 min at 16 000 3 g, and the supernatant was removed from the pellet and frozen at À208C. Pellets were subsequently extracted with 0.5 M acetic acid with 1% protease inhibitor at 48C for 24 h and centrifuged, and the resulting pellet was further extracted with 0.5 M acetic acid containing pepsin (1 mg/ml) (Sigma) at 48C for 24 h. The supernatants from each extraction and the final pellet were stored at À208C. The amount of soluble collagen present in each fraction was measured by a colorimetric hydroxyproline assay. The supernatants and pellets were hydrolyzed in 6 M HCl at 1108C for 24 h, and the hydroxyproline assays were carried out as previously described [24] . The amount of total collagen was determined by using a mass ratio of collagen to hydroxyproline of 7.46:1 and was normalized to tissue dry weight. A minimal amount of collagen was detectable in the NaCl and acetic acid fractions, and thus, the soluble collagen was defined as a combination of collagen extracted in NaCl, in acetic acid alone, and in acetic acid containing pepsin.
Protein Blots
Collagen I and C-propeptide protein extraction. Frozen PS tissue was pulverized and then homogenized with a Polytron tissue homogenizer in 300 ll of cold 7 M urea buffer and 0.1 M sodium phosphate, pH 7.8, plus 1% protease inhibitor (Sigma) and extracted overnight at 48C. Protein levels were quantified (BCA protein assay kit; Pierce, Rockford, IL).
Collagen dot blot. Protein used in dot blot analysis was extracted as described elsewhere [25] with some modifications. Briefly, PS tissues were homogenized in 300 ll of radio-immunoprecipitation assay buffer with protease inhibitors and agitated for 2 h at 48C. Samples of 2.5 lg of protein were spotted onto a nitrocellulose membrane and probed with rabbit polyclonal anti-collagen I, rabbit polyclonal anti-collagen II, or rabbit polyclonal anticollagen III primary antibody (codes ab34710, ab21291, and ab7778, respectively; Abcam, Cambridge, MA). Secondary antibody for both Western blotting and dot blotting was donkey anti-rabbit horseradish peroxidase (HRP; catalog no. 711036152; Jackson ImmunoResearch, Westgrove, PA). Chemiluminescence was visualized using ECL (GE Healthcare, Buckinghamshire, U.K.). Digital images of the blots were visualized and photographed using a Fuji film LAS-3000 chemiluminescence imager (Tokyo, Japan).
HA Western blotting. Western blotting was executed by using a biotinylated HA binding protein (HABP) as a probe as previously described with some modifications [26] . Specificity of HABP has previously been tested using samples treated with the HA-degrading enzyme, hyaluronidase. Single PS tissues were homogenized in 300 ll of cold 0.1 M PBS plus 1% protease inhibitor (Sigma). One third of the sample (100 ll) was ethanol precipitated and run on a 4%-15% gel. HA was detected by incubating the membrane with biotinylated HABP (0.5 lg/ml) for 2 h at room temperature (RT) (Seikagaku, Japan), followed by HRP-conjugated streptavidin. Positive bands were visualized using ECL detection reagent, and proteins were visualized using a Fuji film LAS-3000 chemiluminescence imager.
Decorin protein extraction. Pulverized PS tissue was homogenized and extracted for 48 h in 1 ml of 4 M guanidine hydrochloride containing 1% proteinase inhibitor at 48C. Samples were dialyzed in 0.1 M NaCL and 0.1 M Tris-HCl, pH 7.3. After dialysis, protein concentration was determined by using BCA protein assay. Twenty micrograms of protein were treated with and without chondroitinase ABC (10 mU/ll; Seikagaku) and incubated at 378C for 2 h. Samples were precipitated in 100% ethanol at À208C for 2 h and centrifuged at 48C. The resulting pellet was resuspended in Laemmli buffer.
A total of 10-20 lg of protein was used for collagen I alpha1, collagen Cpropeptide, or decorin blots. Each sample was boiled for 5 min in reducing Laemmli buffer and analyzed by SDS-PAGE on 4%-20% Tris HCl precast gels (Bio-Rad, Hercules, CA), along with protein standards (Precision Plus protein Kaleidoscope; Bio-Rad). Proteins were transferred onto nitrocellulose membrane (Biotrace Pall Life Sciences, Pensacola, FL). Membranes were blocked for 2 h at RT in 3% skim milk, 0.05% Tween in Tris-buffered saline (TBS). Protein blots for THBS2 and SPARC. Pulverized tissue was homogenized in radio-immunoprecipitation assay buffer (150 mM NaCl, 10 mM Tris, pH7.2, 0.1% SDS, 1.0% Triton X-100, 1% DOCA, and 5 mM EDTA) plus 1.5% protease inhibitor cocktail (Sigma-Aldrich). Protein concentration of supernatants was determined as described above. Twenty micrograms of protein were analyzed by SDS-PAGE on a 4%-20% gel and transferred to a polyvinylidene fluoride membrane at 100 V for 1 h at 48C. The membrane was blocked using 5% milk in TBST for 1 h and then probed with a purified mouse anti-mouse thrombospondin 2 (THBS2; 1:1000 dilution; BD Biosciences) or a mouse antisecreted protein acidic and rich in cysteine (SPARC) monoclonal antibody (1:500 dilution; reagent provided by Rolf Brekken, UT Southwestern Medical Center, Dallas, TX) overnight at 48C. The secondary antibody-HRP-conjugated goat anti-mouse IgG (1:5000 dilution; Bio-Rad) was incubated for 1 h at RT. A 200-kDa band (THBS2) and a 45-kDa band (SPARC) were visualized using ECL Western blotting detection agents (GE Healthcare). The blot was probed with glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:1000 dilution; Santa Cruz Biotechnology, Inc., CA) to assess protein loading.
Fluorophore-Assisted Carbohydrate Electrophoresis
One PS per time point was lyophilized overnight, and wet and dry weights were determined before and after lyophilization, respectively. Tissues were then digested in 100 mM ammonium acetate with 0.0005% phenol red (pH 7) containing 0.25 mg/ml proteinase K (Roche, Indianapolis, IN) for 4 h at 608C. Proteinase K was inactivated by boiling at 1008C for 10 min. A 12.5-ll aliquot of the supernatant equal to 0.125 mg dry weight of digested PS was processed for fluorophore-assisted carbohydrate electrophoresis (FACE) analysis as described elsewhere with minor modifications [27, 28] .
HA and chondroitin sulfate and dermatin sulfate (CS/DS) disaccharides were generated by digestion with hyaluronidase streptococcus dysgalactiae (10 mU) at 378C for 1 h, followed by chondroitinase ABC (10 mU) for 2 h. Heparan sulfate (HS) was broken down into disaccharides by digestion with a mixture of heparitinase and heparitinase 1 and 2 (2.5 mU per enzyme) at 378C for 3 h. Keratin sulfate (KS) disaccharides were generated by keratinase II (5 mU) incubation for 3 h at 378C. Enzymes were obtained from Associates of Cape Cod, East Falmouth, MA. Enzymes were then inactivated by boiling for 5 min. Digests of HA, CS/DS, or KS disaccharides were fluorescently labeled by addition of 5 ll of 25 mM 2-aminoacridone (Invitrogen, Carlsbad, CA) dissolved in 85% dimethyl sulfoxide and 15% acetic acid and incubation for 15 ROSA ET AL. min at RT. Samples were incubated overnight at 378C with 5 ll of 2.5 M NaCNBH4. Following overnight incubation at 378C, 2.5 ll of glycerol was added, and the sample was stored at À808C. Sample and quantitative disaccharide standards were run on Glyko FACE monosaccharide composition gels (Prozyme, Hayward, CA) at a constant voltage of 500 V. Gels were imaged using a Fuji FLA-5000 Phosphorimager. Individual GAGs were quantified from scanned gels by using Fujifilm Multigauge 3.0 software.
HA Molecular Weight Gels
HA molecular weight was determined as described previously with minor modifications [26] . Specificity of Stains All (Sigma) for HA has previously been tested using samples treated with the HA-degrading enzyme, hyaluronidase. An aliquot equal to 0.4 mg dry weight of proteinase K digested tissue (as described in the section above) was treated with 3 ll of DNase (Ambion, Austin, Texas) and 3 ll of RNase A (1.28 mg/ml; Roche) for 5 h at 378C. Samples were boiled for 5 min to inactivate enzymes. GAGs were precipitated in ethanol at À208C overnight and pelleted by centrifugation at 16 000 3 g for 10 min. Pellets were resuspended in 15 ll of TAE buffer (Tris-sodium acetate-EDTA, pH 7.9) and 3 ll of loading buffer (0.2% bromophenol blue, 1 ml TAE buffer, and 8.5 ml glycerol). Samples were run on a 1% agarose gel (Seakem HGT; Cambrex, Rockland, ME) made in TAE buffer. The gel was pre-run for ;4 h at 80 V, and running buffer was replaced with fresh TAE before samples and HA size standards (Hyalose, Oklahoma City, OK) were loaded. Gel was run at 100 V. After electrophoresis, the gel was equilibrated in 30% ethanol for ;30 min with shaking at RT, followed by incubation in 2.5 mg/ml Stains All solution (Sigma) overnight in the dark. Gel was destained in water until bands were visualized before scanning.
RNA Isolation and Quantitative Real-Time PCR
Total RNA was extracted from frozen mouse tissue using RNA Stat 60 (Tel-Test Inc., Friendswood, TX) and treated with DNase I to remove any genomic DNA (DNA-Free; Ambion). Complementary DNA synthesis was performed using 2 lg of total RNA in a 100-ll volume (TaqMan cDNA synthesis kit; Applied Biosystems, Foster City, CA). Quantitative real-time PCR (qRTPCR) was performed using SYBR Green and a PRISM7900HT sequence detection system (Applied Biosystems). Aliquots (20 ng) of cDNA were used for each qPCR, and each reaction was run in triplicate. Each gene was normalized to the expression of the housekeeping gene 36B4 (official symbol, Rplp0) [29] , and expression was calculated relative to that of d ¼ (d18.75) pubic symphyses as the external calibrator in the 2 ÀDDCt method, as described in Applied Biosystems User Bulletin No. 2. Data are presented as the average relative gene expression 6 SEM. Supplemental Table S1 (available online at www.biolreprod.org) indicates primer sequences for each gene assessed. Primers for versican recognize the V0 and V1 isoforms.
Statistical Analysis
Data were analyzed using one-way ANOVA with pair-wise multiple comparisons performed with Tukey test for data normally distributed. Data are displayed as the means 6 SEM. P values ,0.05 were considered statistically significant. MOUSE PUBIC SYMPHYSIS REMODELING DURING PREGNANCY PS/IpL was collected from NP and pregnant mice at d10, d11, d12, d14, d15, d16, d17, and late day 18.75 and at 2-4, 24, and 72 h pp. The transition from PS to IpL on d14 is characterized by a gradual increase in wet weight, which is maximal at 2-4 h pp and then declines thereafter as the tissue remodels from a ligament to PS (Fig. 1) .
Water Content, Collagen Content, and Solubility
The increased growth and flexibility of the pubic ligament at term may result from increased hydration and changes in the abundance or structure of total collagen. Water content was measured in NP, pregnant, and pp interpubic samples.
Compared to NP (59%) samples, there was a gradual increase in water content, which reached statistical significance by d19 in labor (IL) (78%) and declined thereafter ( Fig. 2A) . By 48 h pp, the water content was similar to that of NP. Total collagen content was evaluated by hydroxyproline measurement and normalized to tissue dry weight. The abundance levels of total collagen were similar in interpubic tissues from NP, pregnant, and pp samples (Fig. 2B) . The solubility of collagen in acid solutions can be used as an indirect measure to evaluate alterations in collagen processing and assembly, as mature processed collagen has low solubility. Compared to nonpregnant PS, there was no significant change in collagen solubility throughout pregnancy. Solubility modestly increased at 24 h pp and returned to normal levels by 48 h pp (Fig. 2C) .
Assessment of Fibrillar Collagens
Fibril collagen type I is the primary collagen present in the symphysis as reported in the rat [30] . In the current study, we sought to determine the relative changes in fibril collagens I, II, and III in the mouse PS. Protein dot blotting was performed using antibodies specific for all three collagens. Compared to the NP sample, there appeared to be modest increases in collagens I and II during pregnancy, while collagen III expression remained constant in NP, pregnant, and pp PS (Fig. 3) . Given possible differences in antibody affinities, the relative expression of each collagen cannot be quantified; however, one can qualitatively estimate collagen I to be the most abundant fibrillar collagen, followed by collagen II and then III.
Collagen I
Further assessment of collagen I was carried out in the PS during pregnancy. During processing, N-and C-terminal propeptides are cleaved from procollagen to form mature collagen. The abundance of urea-extractable collagen I was assessed in NP, pregnant tissue, and pp PS and IpL. Protein blotting using a collagen I antibody that recognizes mature collagen (100 kDa) as well as procollagen revealed similar levels of extractable mature collagen at all time points, while procollagen migrating at 125 kDa was most abundant in the   FIG. 3 . Protein dot blotting to assess relative changes in collagen I, II, and III in the NP, d12, d15, and d18, and 12 h pp (hpp) PS. Femoral cartilage serves as a positive control (þ). This experiment was carried out using two independent sets of tissue, and a representative blot is indicated. Images for all three blots were taken at the same exposure time to allow qualitative assessment of abundance.
FIG. 4.
A) The abundance of extractable collagen was evaluated by Western blotting using an antibody specific for collagen type I alpha1 in urea-extracted protein from PS (NP and d10-d12), IpL (d15-d18.75, d19 IL, and pp 2-4, 24, 48, and 72 h [hpp]). Procollagen migrates at 125 kDa, while mature collagen migrates at 100 kDa. Cervix was used as a positive control. B) Collagen processing at the C terminus was evaluated in Western blotting using a C-propeptide-specific antibody (a gift from Dr. Larry Fisher, NIH). PS was evaluated at time points described in A. Experiments were performed three times, and a representative blot is presented. 
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IpL from d15 onward. While mature collagen appears somewhat reduced in abundance from d15 onward, this was not significant. Cervix was used as a positive control, and an unidentified band migrating at 50 kDa was observed that lacked the PS (Fig. 4A) . To determine if the increased presence of procollagen in pregnant and pp IpL resulted from a decline in processing of the C-terminal propeptide, we performed Western blotting using a C-propeptide-specific antibody. Blots revealed the presence of the C-propeptide at all time points (Fig. 4B) . No significant changes in expression were observed, suggesting normal processing of the C terminus. A commercial antibody against the N-terminal propeptide was not effective in our hands, thus, we were unable to assess N-terminal processing at this time (Pro-col1a; code, sc-30136; Santa Cruz Biotechnology).
Matricellular Proteins, Proteoglycans, and GAGs
Components of the ECM such as matricellular proteins, proteoglycans, and GAGs can also play a role in collagen structure and organization. The expression of two matricellular proteins, THBS2 and SPARC, with functions in collagen fibrillogenesis and matrix deposition, respectively, were evaluated in the PS/IpL. As seen in Figure 5A , both proteins are expressed in the NP and pregnant PS/IpL, with no change MOUSE PUBIC SYMPHYSIS REMODELING DURING PREGNANCY in abundance. The proteoglycan decorin, which has functions in collagen fibrillogenesis, is also expressed in the PS\IpL at similar levels in the NP, pregnant, and pp tissue (Fig. 5B) .
To identify and quantify GAGs in the PS/IpL, FACE was performed to quantify changes in all GAGs that include HA, CS/DS, HS, and KS. HA content is significantly increased by d17 compared to that of NP (Fig. 6A) . Conversely, both CS/DS 4-sulfate (Fig. 6B) and CS/DS 0-sulfate (Fig. 6C ) GAG expression levels in the PS and IpL were constant throughout gestation. The expression of HS and KS was also measured on d15 and d18 IpL. While low expression of HS was detected, KS was undetectable (data not shown). Thus, in the PS, CS/DS are the primary sulfated GAGs. Because many GAG chains are hybrids that contain both DS and CS on the same chain, it is not possible to distinguish differences in the levels of these two GAGs. The marked increase in HA at the end of pregnancy while CS and DS levels remain relatively constant results in a dynamic shift in the relative proportion of these GAGs (Fig. 6,  D, E, and F) .
The marked increase in HA levels in late gestation was further confirmed by Western blotting using a biotinylated HABP as a probe, as previously described [26] . As seen in Figure 7A , there was a gradual increase in HA content from NP to d18, with a maximum at d18 and pp.
HA functions are dependent in part on its size. To elucidate the potential functions of HA in PS remodeling, temporal changes in HA molecular weight in the PS and IpL were evaluated (Fig. 7B ). Samples were run on agarose gels along with HA high (1510-495 kDa) and low (495-27 kDa) molecular weight standards. HA was detectable at all time points, with peak expression 1 day prior to birth (d18.75) and shortly pp. At all time points, the HA appeared to be a predominantly high molecular weight HA (.1510 kDa).
Gene Expression Studies
The increased production of high molecular weight HA in the IpL at the end of pregnancy must arise from regulated changes in expression of one or more of the HA synthase genes (Has1, Has2, Has3) or the hyaluronidase genes (Hyal1, Hyal2) that break down HA. qRTPCR was performed to evaluate gene expression in the mouse PS during pregnancy (d11þd12, d15, and d18.75) and pp (2-4 h pp and 24 h pp). Has1 was expressed at all time points, with maximal induction at d18.75 (Fig. 8A) . Has2 expression was also increased on d18.75 but, in contrast to Has1, remained elevated at 2-4 h pp and decreased by 24 h pp (Fig. 8B) . Has3 had low to undetectable expression in PS tissue (data not shown). Both Hyal1 and Hyal2 were expressed in the PS and IpL. Hyal1 had unaltered expression throughout gestation (Fig. 8C) , while Hyal2 was transiently increased on d18.75 compared to the period of PS tissue changes at d11þd12 and d15 (Fig. 8D) .
In other tissues, HA is stabilized in the ECM by forming cross-links with the large proteoglycan, versican. While four isoforms of versican exist (V0, V1, V2, and V3), only isoforms V0 and V1 can interact with HA. These cross-links can be disrupted by members of a disintegrin-like and metalloprotease with thrombospondin type 1 (ADAMTS) motif protease family such as ADAMTS1 and ADAMTS4 [30] . qRTPCR using primers that recognize the isoforms V0 and V1 reveals that versican (Fig. 9A ) is expressed at low levels in the early pregnant PS and that expression is increased in the IpL with maximal expression prior to birth. Levels decline rapidly pp. ADAMTS1 had a relatively high expression in NP and early pregnancy tissues with a marked decline in expression by d15 and d18, as seen by Western blotting (Fig. 9B) .
DISCUSSION
Current studies reveal the fact that expansion of the IpL in the mouse results from increased synthesis and secretion of a unique ECM by newly formed fibroblasts. This matrix is abundant in HA and the CS/DS-containing proteoglycans versican and decorin. While an increase in HA has previously been reported in the term pregnant IpL [17] , the current study enhances our understanding by providing quantitative assessment of all GAGs in the PS including HA; determines the FIG. 7. A) Assessment of HA abundance by Western blotting using a biotinylated HABP as a probe (NP; d12, d15, and d18; and 12 h pp). B) Assessment of HA molecular weight during pregnancy and pp. Equal fractions of digested interpubic tissues from d11þd12, d15, d16, d17, and d18.75 and 24 h, and 72 h pp were analyzed using Stains All to visualize HA. HA molecular weight standards are indicated to the left of the gel.
relative proportion of HA to CS/DS through pregnancy; elucidates HA size, which impacts its function; and identifies the HA synthase isozymes regulated in the IpL. Furthermore, we provide evidence that maximal expansion and flexibility of the IpL at the time of labor is not achieved by loss of total collagen, change in the relative ratio of fibril collagens I, II, and III, or changes in C-terminal processing of collagen I. Based on the continued synthesis and processing of procollagen I in the IpL, as shown in this study, and simultaneous degradation of the fibers by matrix metalloproteases, as previously described [22] , we suggest a high turnover of collagen during pregnancy in the IpL, resulting in a high proportion of newly synthesized collagen in the ECM. These findings lead us to propose a model in which increased synthesis of high molecular weight HA and versican, along with a decline in the versicandegrading enzyme ADAMTS1, serves to promote tissue hydration, collagen disarray, and increased tissue viscoelasticity.
Quantitative assessment of GAGs reveals a marked increase in HA from 13% of total GAGs in NP to 42% of GAGs late on d18. Chondroitin and dermatan sulfated GAGs are the only sulfated GAGs in the PS and IpL, as heparan and keratin sulfated GAGs were undetectable. This observation is consistent with those of previous studies of the NP PS [20, 31] .
CS/DS chains exist as single-sulfated 0-S and 4-S GAGs, and neither form changes significantly over the course of pregnancy. This finding is important to note as the degree of sulfation can alter proteoglycan function with respect to growth factor binding and cell signaling properties [32] . While CS/DS levels remain constant, they account for a significantly reduced proportion of total GAGs in pregnancy.
Consistent with the presence of CS/DS GAGs, two CS/DScontaining proteoglycans, decorin and versican, are expressed in the PS/IpL. Decorin expression was unchanged, suggesting that the loss of decorin is not a key physiological process required for modulation of collagen fibrillogenesis during IpL remodeling and elongation. While CS/DS GAGs remain constant, transcripts encoding versican are increased, suggesting there could be a reduction in GAG chain length or GAG attachment to the versican protein core. Further studies are required in which GAG chains will be analyzed after purification of individual proteoglycans. In addition, both the THBS2 and SPARC matricellular proteins had constant expression in the PS and IpL, suggesting that these proteins . Data represent means 6 SEM of four IpL (d15 and d18.75 and 2-4 h pp and 24 h pp) and eight PS samples (each sample was a pool of 1-d11 and 1-d12). *P , 0.05, **P , 0.01, and ***P , 0.001 compared with d18.75 for all genes analyzed.
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do not facilitate changes in collagen fibrillogenesis or matrix deposition during IpL formation or elongation [33, 34] .
Important insights into the potential functions of HA and versican arise from the observations that HA in the IpL is primarily of large molecular weight (.1510 kDa) and that versican mRNA expression increases while ADAMTS1 protein expression is abolished by d18. The functions of HA are dependent in part on the size of the HA [35, 36] . Large molecular weight HA is space filling and promotes tissue hydration and matrix disorganization, in contrast to low molecular weight HA, which has proinflammatory functions [36] . Versican stabilization of HA matrices is crucial in other biological processes, such as in heart development. Genetic loss of either versican or HA synthase 2 results in embryonic lethality due to inappropriate heart formation [37, 38] . The breakdown of HA-versican matrices can be facilitated by the HA-degrading enzyme hyaluronidase or members of the ADAMTS family [39, [40] [41] [42] . While there was a small but significant increase in transcripts encoding Hyal2, the majority of HA appeared as high molecular weight products. This suggests that Hyal2 activity remains low. The concomitant increase in versican transcripts and downregulation of ADAMTS1 expression in late pregnancy is likely to result in increased availability of versican to interact with HA. This interaction promotes stabilization of the HA-rich matrix that functions as a space-filling molecule to promote collagen disorganization/reorganization and to increase tissue hydration and viscoelasticity, resulting in IpL elongation.
Similar to the IpL, the cervix is a connective-rich tissue in which tissue remodeling and cell proliferation during pregnancy are regulated by relaxin and steroid hormones [5, 43, 44] . Similar to IpL elongation, cervical ripening is not mediated by an influx of neutrophils that secrete ECM-degrading enzymes nor by a decline in collagen content but is characterized by increased HA synthesis [9, 25, 26, [45] [46] [47] [48] [49] . While many processes appear conserved, the current study reveals novel differences that suggest distinct mechanisms in IpL elongation versus cervical ripening in preparation for labor and birth. The decline in cervical expression of Thbs2 and increase in SPARC matricellular proteins were not evident in the PS, where expression was low and constant during pregnancy [25] . Most notable was the increased synthesis of high molecular weight HA and versican along with a decline in expression of the protease ADAMTS1 in the IpL on d18. These patterns of expression are consistent with a stabilized HA-rich matrix that will facilitate flexibility of the pubic symphysis to allow sufficient opening of the birth canal during parturition. In the term cervix, there is a greater size distribution of HA, which ranges from high to medium molecular weight [26] . Versican is also expressed, yet expression of the protease ADAMTS1 and hyaluronidase activity increases at term (Akgul and Mahendroo, unpublished results) [26] . This differing pattern of expression in the cervix may serve to initially promote a stabilized HA matrix for increased tissue viscoelasticity in early ripening, which is followed by a loss of HA-versican matrices and loss of tissue integrity, to allow maximal cervical opening with onset of uterine contractions during birth [48] . These tissue-specific differences may arise from differential regulation of these factors by fibroblasts in the IpL versus fibroblasts or other cells in the cervix and fine tune the biomechanical properties required for IpL flexibility versus cervical ripening and dilation.
PS remodeling is an important component of the parturition process, and the current study enhances our understanding of the dynamic changes in the ECM that mediate this process. Future studies will determine if the changes in HA and versican are sufficient or necessary for IpL elongation, and they will focus on the regulation of the IpL ECM composition by the interaction of relaxin with its receptor RXFP1.
